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Abstract—The expected lifetime of a power electronic 
converter is limited by its fragile components such as 
semiconductor devices and capacitors. These components are 
prone to wear-out failures depending on the converter mission 
profile and component thermal characteristics. This paper 
explores the wear-out failure of the power converter 
semiconductor devices in inverting and rectifying modes of the 
converter using different power factors. The obtained results 
show the different wear-out characteristics of a converter 
under rectification, inversion, and also partial-
inversion/rectification modes as well as when provides reactive 
power support. Moreover, this paper proposes B10 lifetime 
curves to estimate the converter reliability based on the 
operating conditions. Simulations and preliminary experiments 
evaluate the impact of the operating conditions for the 
converter reliability. 
Keywords— reliability, wear-out, inverter, rectifier, 
lifetime, failure. 
I. INTRODUCTION 
Power electronics is a key enabling technology in de-
carbonizing and economizing the electrical energy 
generation and delivery systems. Power converters are used 
in a broad range of applications in modern power systems. 
However, they serve as one of the most fragile components 
in power systems, thus may derive significant maintenance 
and downtime costs [1]–[6]. Therefore, reliable design of a 
converter is of high importance. Recent investigations show 
that the semi-conductor devices and capacitors have the 
most contribution to the hardware failure of converters [7]. 
These components are prone to wear-out failures due to the 
thermal and power cycling induced by operating mission 
profiles. For instance, the number of cycles to failure in a 
semiconductor device is attributed to the junction 
temperature variation and its mean value [8]. Therefore, its 
expected lifetime depends on the number of cycles, junction 
temperature swing and mean values induced by the mission 
profiles. As a result, the conventional design procedure 
considering the rated operating condition may not guarantee 
to achieve a desired expected lifetime. Hence, reliability-
oriented design approaches, also known as mission profile-
based methods have been introduced considering the 
converter operating conditions [9]–[16].  
Mission profile-based approaches have been applied for 
photovoltaic, wind and other applications with a 
unidirectional power flow [9]–[16]. However, in many 
applications, such as battery storage systems, electrical 
vehicle chargers, interlinking converters in micro-grids, and 
multi-terminal dc grids the converters are operated in a bi-
directional mode [17]. Depending on the power flow 
direction, the wear-out failure of components, i.e., switches 
and diodes, and consequently dominant component from a 
reliability stand-point may vary from one application to 
another. The switches are known as fragile components in 
photovoltaic and wind power inverters [9]–[14]. 
This paper evaluates the wear-out failure of half-bridge 
converter under rectification and inversion modes with 
different power factors. The reason for studying the half-
bridge structure is the fact that this converter can be 
considered as the building block of various converters such 
as modular multilevel, single-phase and three phase two 
level converters, bidirectional and double-stage high 
frequency dc-dc converters. Therefore, understanding the 
wear-out behavior of this converter can be fruitful for 
optimal design and operation of different converter 
topologies with various applications. The converter structure 
and operation condition are explained in Section II for 
illustrating the impact of power factor and power flow 
direction on the components thermal stress. Furthermore, 
the mission profile-based wear-out reliability prediction 
approach is presented in Section III. Section IV illustrates 
the numerical analysis including the converter reliability and 
wear-out failure under different operating conditions. 
Moreover, experimental results are provided in Section V. 
Finally, the outcomes are summarized in Section VI.  
II. CONVERTER STRUCTURE AND OPERATION 
The half-bridge power converter structure is shown in 
Fig. 1 with two Insulted Gate Bipolar Transistors (IGBTs) 
and two anti-parallel diodes. The current sharing among 
different components depends on the output voltage and 
current polarity, and hence, the current flows through: 
T1 if vo(t) > 0 and io(t) > 0,     
D1 if vo(t) > 0 and io(t) < 0,        
D2 if vo(t) < 0 and io(t) > 0,    
T2 if vo(t) < 0 and io(t) < 0. 
For instance, the current sharing between upper IGBT 
(T1) and diode (D1) is shown in Fig. 2 for inversion and 
rectification modes with two power factors. As it can be 
seen from Fig. 2(a) and (b), during inversion mode, T1 is 
operating and the effective current of D1 is very low. This work was supported by VILLUM FONDEN under the VILLUM 
Investigators Grant called REPEPS. 
 
 
 
Furthermore, Fig. 2(c) and (d) show the current flows 
through diode D1 in the rectification mode. The impact of 
reactive power injection is shown in Fig. 2(b) and (d) with 
power factor (PF = Cos(φ) = 0.85), where in the inversion 
mode, the diode is operating within phase angle φ and in the 
rectification mode, the IGBT is conducting during phase 
angle φ. Therefore, the conduction losses of IGBT and diode 
are dependent on the power factor. In general, the 
conduction loss, Pc on the IGBT and diode can be found as 
(1) and (2) for e.g., a sinusoidal pulse width modulation 
[18]–[20]: 
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Fig. 1. Half-bridge voltage source converter. 
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Fig. 2.  Operation of voltage source converter (a) inversion mode with PF = 1, 
(b) inversion mode with PF = 0.85, (c) rectification operation with PF = 1, 
(d) rectification operation with PF = 0.85. 
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where, m denotes as modulation index, VCE and rCE are the 
IGBT collector-emitter voltage and resistance, VF and rF are 
the diode forward voltage and resistance, Tj is the junction 
temperature, and i  is the ac side peak current.  
According to (1) and (2), by increasing 0 < |φ| < π/2, 
conduction loss of the IGBT will be decreased, while it will 
be increased for the diode. This will affect the junction 
temperature of the diode and IGBT as illustrated in Fig. 3 
for the operating condition in Fig. 2. Fig. 3 shows the 
thermal behavior of the converter components under 
different operating conditions. During inversion mode, the 
IGBT junction temperature is higher than that of the diode 
and vice-versa for the rectification mode. For the selected 
IGBT, i.e., IKFW50N60DH3E, the junction temperature 
swing on the diode in rectifying mode is almost 38 oC at 30 
A peak ac current, while it is 29 oC for the IGBT in 
inversion mode. Furthermore, the minimum junction 
temperatures of the IGBT and diode are also different under 
the applied operating conditions. These variations are 
attributed to the operating conditions, and the diode/IGBT 
thermal characteristics. The next section describes the 
relation between the converter thermal behavior and its 
reliability.  
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Fig. 3.  IGBT and Diode junction temperatures (oC); (a) inversion mode 
(PF = 1), (b) inversion mode (PF = 0.85), (c) rectification mode (PF = 1) 
and (d) rectification mode (PF = 0.85) – with IKFW50N60DH3E, Vi = 400 
V, vo = 230 V. 
 
 
III. MISSION PROFILE BASED WEAR-OUT 
RELIABILTY PREDICTION 
The two main factors affecting the lifetime of 
semiconductor devices, such as IGBT and diode, are 
junction temperature swing (ΔTj) and its minimum value 
(Tjm). The number of cycles to failure (Nf) for a 
semiconductor device is calculated by using (3) [8]. 
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where, A = 9.34×10E14, α =  –4.416  and β = 1290 [8], and 
ton is the thermal heating time in each cycle [8]. The 
accumulated damage of the semiconductor devices (ADs) 
under different power cycling is obtained using: 
H
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in which, ncycle,h  is the number of cycles for hth power cycle 
and Nf,h is the number of cycles to failure with the operating 
Tjm and ΔTj in the hth power cycle, which is calculated using 
(3). H is the total number of power cycles induced by the 
mission profile.  
Dynamic thermal variables of each power cycle on the 
mission profile including ton, Tjm and ΔTj can be translated 
into static variables with the same degradation on the 
devices [21]. These values can be employed to estimate the 
lifetime of a device under the applied mission profile with 
constant parameters in the lifetime model provided in (3). In 
practice, the lifetime model, the component parameters and 
thermal stresses have stochastic behavior, and the 
uncertainty on these parameters should be considered in the 
lifetime prediction. Therefore, Monte-Carlo simulation can 
be employed to estimate the failure density function of each 
device. In the case that more than one IGBT/Diode is used, 
the overall IGBTs/Diodes reliability is found by a series 
reliability network model assuming that if one device fails, 
the system fails. The overall converter reliability (R) can be 
found as: 
T DR R R=   (5) 
where, RD and RT are the reliability of diodes and IGBTs. 
The procedure of the reliability calculation for 
semiconductor devices is shown in Fig. 4 and discussed in 
[11]. The estimated reliability employing (3) models the 
device aging or degradation due to the internal failure 
mechanisms, such as wire bonds lift-off, under the operating 
condition, hence, it estimates the wear-out failures. 
Therefore, the converter wear-out failure rate, h(t) is 
calculated using: 
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Fig. 4.  Mission profile-based wear-out failure prediction procedure. 
 
IV. COMPARATIVE ANALYSIS 
The wear-out failure of converter is calculated under 
different loading condition as shown in Fig. 5 including full-
inversion mode (Mode I), partial-inversion mode (Mode II), 
inversion-rectification mode (Mode III), and full-
rectification mode (Mode IV). The annual converted energy 
with two power factor (PF) values is summarized in Table I. 
Notably, the annual converted energy is the absolute area 
under the annual power profile. For the sake of having a fair 
comparison, the identical load profiles are considered with 
the same peak power and number of cycles. Under PF = 
0.85, the converter injects reactive power into the ac bus and 
at the rated apparent power, i.e., 3.5 kVA, the active power 
should be decreased to prevent overstressing the switches, 
and the converter is operated under constant power factor. 
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Fig. 5.  Annual mission profile under (a) Full-inversion, (b) partial-
inversion, (c) inversion-rectification, and (d) full-rectification modes.  
Table I.  Converter annual loading at different operating modes.  
PF 
Power 
flow 
Mode I 
(MWh) 
Mode II 
(MWh) 
Mode III 
(MWh) 
Mode IV 
(MWh) 
0.85 
Inverted 8.58  5.61  4.06  0  
Rectified 0  2.96  4.52  8.58  
1 
Inverted 8.75  5.72  4.10  0  
Rectified 0  3.03  4.65  8.75  
Table II.  Converter component parameters.  
Switch Product type 
Rated 
current 
Thermal 
resistance 
Switching 
frequency 
IGBT 
IKFW50N60DH3E 
40 A 1.15 K/W 
20 kHz 
Diode 40 A 2.16 K/W 
IGBT IGW30N60TP 30 A 0.5 K/W 
Diode IDP30E65D2 30 A 1.05 K/W 
The converter devices specifications are summarized in 
Table II. The effective thermal resistances of the switch and 
diode are also reported in Table II, while the complete 
thermal impedance given in the component datasheet is 
simulated as shown in Fig. 4.  
The predicted converter reliability due to the wear-out 
failure is shown in Fig. 6 employing the discrete IGBT with 
anti-parallel diode. In the inversion mode (I), the IGBT 
limits the converter reliability as shown in Fig. 6(a). 
However, in Modes II, III, and IV, the diode has a dominant 
impact on the converter reliability. The total converter 
reliability is shown in Fig. 7(a) and the corresponding wear-
out failure rate is shown in Fig. 7(b). These results show that 
even the rated current of components (40 A) are almost two 
times the peak current (20 A), the converter wear-out failure 
is significantly higher in the rectification mode. 
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Fig. 6.  Converter component reliability with IGBT-diode with PF = 1: 
IKFW50N60DH3E: (a) Mode I, (b) Mode II, (c) Mode III, (d) Mode IV. 
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Fig. 7.  Converter reliability (a) and failure rate (b) under different 
operating conditions employing IGBT-diode: IKFW50N60DH3E. 
This is due to the higher thermal resistance of the diode – 
almost two times of IGBT. Therefore, even though the 
IGBT and diode have the same rated current of 40 A, the 
converter reliability under rectification mode is much lower. 
As a result, employing bidirectional converters, the worst-
 
 
case loading condition at both inversion and rectification 
modes should be taken into account during design 
procedure. For instance, in this case study, the diode is the 
failure prone component in the rectification mode. Hence, 
another diode with lower thermal resistor is employed as 
given in Table II. Moreover, a discrete IGBT is selected.  
The converter reliabilities under unity power factor (PF 
= 1) and PF = 0.85 are shown in Fig. 8 and Fig. 9. As shown 
in Fig. 9 (a), in the inversion mode, the converter reliability 
is notably high due to the components’ lower thermal 
resistance. Furthermore, in the rectification modes (II, III, 
and IV), the diode is still failure-prone component. 
However, the converter reliability is significantly improved. 
This fact is due to the diode thermal resistance, which is 
almost half of the previous case value as given in Table II. 
This study shows that even at the rated current of IGBT and 
diode is lower than in the previous case, the converter is 
more reliable. Furthermore, in the inversion-rectification 
mode (II), even though the inverted annual energy is almost 
two times the rectified energy following Table I, the diodes 
are still the dominant components from a wear-out failure 
point of view. As a result, the operating conditions such as 
inversion-rectification modes, mission profiles, and thermal 
characteristics are of high importance for converter design.  
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Fig. 8.  Converter component reliability under PF = 1 with IGBT: 
IGW30N60TP, and diode: IDP30E65D2: (a) Mode I, (b) Mode II, (c) 
Mode III, (d) Mode IV. 
Moreover, employing commercial inverters for bi-
directional applications require detailed understanding about 
the thermal characteristics of the converter components, 
otherwise the guaranteed lifetime might not be ensured.   
The impact of reactive power is further illustrated in 
Fig. 9, implying the converter reliability enhancement in the 
case of reactive power injection. As noted earlier, during 
reactive power support, in the rectification mode, the diode 
thermal stress is reduced. Fig. 10 shows the converter 
reliability and failure rate under unity power factor and PF = 
0.85. This result depends on the reactive power support 
strategy. In this case study, it is considered that the 
converter has fixed power factor at 0.85 and the apparent 
power is limited to 3.5 kVA. However, in practice it may be 
operated under different reactive power supply to regulate 
the ac bus voltage or support the reactive loads in the grid. 
Therefore, in the design procedure, the reactive power 
mission profile must also be taken correctly into account. 
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Fig. 9.  Converter component reliability under PF = 0.85 with IGBT: 
IGW30N60TP, and diode: IDP30E65D2: (a) Mode I, (b) Mode II, (c) 
Mode III, (d) Mode IV. 
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Fig. 10.  Converter reliability (a) and failure rate (b) under different 
operating conditions employing IGBT: IGW30N60TP, and diode: 
IDP30E65D2. 
Reliability of the converter is further illustrated by B10 
curves for different operating points in Fig. 11. For instance, 
the green curve shows a set of operating points in which the 
converter reliability is 90% after 20 years of operation.  
Comparing the constant apparent power curve at 4 kVA 
with the constant B10 curves shows the impact of power flow 
direction and the reactive power impact on the converter 
reliability behavior.  
As it can be seen from Fig. 11, the converter lifetime is 
much more limited in the rectification mode compared to 
the inversion mode. For instance, the B10 lifetime of 5 years 
will achieve at 3 kW rectified power, while it is achieved by 
4.5 kW inverter power (see curve blue of Fig. 11). 
Furthermore, if the converter operated at 3.5 kVA, by 
increasing the phase angle φ from zero to π rad, the 
converter lifetime first moves from a 20-year curve at A (see 
Fig. 11) to a 40-year curve at B. Afterwards, it moves to 20-
year at C, 10-year at D, 5-year at E and even shorter lifetime 
curves at F. This is due to the fact that the switch current 
will be decreased at B since the active power is reduced. 
Hence, the reliability is increased. Then, the diode current 
and consequently its thermal stress is increased. Thereby, 
the reliability is decreased. As a result, depending on the 
mission profile and operating point of the converter, its 
reliability can be higher/lower than the expected value. 
These curves can be used to predict the converter 
lifetime operating in the region surrounded by each curve. In 
this approach, the converter loading dynamics are 
considered to be very slow. However, in general, the loading 
dynamics can also be included and may change the 
contours.  
V. EXPERIMENTAL RESULTS 
 The impact of power flow direction on the thermal 
stress of the semiconductor devices has been experimentally 
demonstrated in a three-phase inverter as shown in Fig. 12. 
The converter has been operated under inversion and 
rectification modes and the junction temperature of the 
highlighted diode and IGBT in Fig. 12(b) is measured. Due 
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Fig. 11.  B10 lifetime curves for different operating conditions.  
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Fig. 12.  Photograph of (a) test setup and (b) test converter topology.  
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Fig. 13.  Experimental results; IGBT and diode junction temperatures at: 
(a) inversion mode, (b) rectification mode.  
 
 
 
 
 
to the bandwidth limit of the measurements, the 
fundamental frequency has been set to 10 Hz. The results 
are shown in Fig. 13(b) and (c) for inversion and 
rectification modes respectively. As it is shown in Fig. 13 
(b), during inversion mode, the IGBT junction temperature 
is higher than the diode. Furthermore, the diode temperature 
swing is smaller than the IGBT. On the other hand, in the 
rectification mode, the diode and IGBT temperatures are 
almost equal while the diode temperature swing is greater 
than IGBT.   
VI. CONCLUSION 
This paper explores the wear-out failure of power 
electronic converters under inversion and rectification 
modes also when supporting reactive power. The obtained 
results show the wear-out failure depends on the converter 
operating conditions – such as power flow direction and 
reactive power supply – and the components thermal 
characteristics. Furthermore, the reactive power mission 
profile affects the wear-out failure of the converters. Hence, 
according to the specified application, the worst-case 
loading condition in each rectification and inversion modes 
should be considered during the design procedure.  
The analysis shows that the current flows through the 
IGBTs during inversion mode, and the diodes are 
conducting in the rectification mode. Hence, for an inverter, 
the IGBTs wear-out failure should be taken into account, 
while in the rectification mode, the diodes are of significant 
importance for converter design. Moreover, during the 
inversion-rectification mode, IGBTs or diodes or even both 
of them may affect the converter failure rate depending on 
the mission profile and its components thermal 
characteristics. In the presented case studies, the diodes have 
the dominant impact on the total reliability in the inversion-
rectification mode.  
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